L-Amino acid ligase synthesizes various peptides from unprotected L-amino acids in an ATP-dependent manner. Known L-amino acid ligases catalyze only dipeptide synthesis, but recently we found that RizB of Bacillus subtilis NBRC 3134 catalyzes oligopeptide synthesis. In the present study, we searched for new members of the L-amino acid ligase group that catalyze oligopeptide synthesis. Several hypothetical proteins possessing the ATP-grasp motif were selected by in silico analysis. These recombinant proteins were assayed for L-amino acid ligase activity. We obtained five L-amino acid ligases showing oligopeptide synthesis activities. These proteins showed low similarity in amino acid sequence, but commonly used branched-chain amino acids, such as RizB, as substrates. Furthermore, the spr0969 protein of Streptococcus pneumoniae synthesized longer peptides than those synthesized by RizB, and the BAD 1200 protein of Bifidobacterium adolescentis showed higher activity toward aromatic amino acids than toward branched-chain ones. We also examined some of their characteristics. They were obtained by in silico analysis using microbial genome information and various databases.
L-Amino acid ligase (EC 6.3.2.28) catalyzes the formation of -peptide bonds in unprotected L-amino acids in an ATP-dependent manner. 1) This enzyme belongs to the ATP-dependent carboxylate-amine/thiol ligase superfamily. In this group, ATP and Mg 2þ are generally required for peptide synthesis, and aminoacyl phosphate is synthesized as the reaction intermediate. 2, 3) L-Amino acid ligases catalyzing only dipeptide synthesis have been reported, including the YwfE protein from Bacillus subtilis 168, 4, 5) the RSp1486a protein from Ralstonia solanacearum JCM 10489, 6 ) the BL00235 protein from Bacillus licheniformis NBRC 12200, 7) the PSPPH 4299 protein from Pseudomonas syringae pv. phaseolicola 1448A, 8) and the plu1440 protein from Photorhabdus luminescens subsp. laumondii TT01. 9) They were obtained by in silico analysis using microbial genome information and various databases.
Recently we obtained two L-amino acid ligases, RizA and RizB, from Bacillus subtilis NBRC 3134 (identical to ATCC 6633), a microorganism producing a rhizocticin peptide-antibiotic. 10, 11) Rhizocticin is an antifungal phosphono-oligopeptide. [12] [13] [14] [15] Depending on chemical structure, four types of rhizocticins have been reported: rhizocticin A, L-arginyl-L-2-amino-5-phosphono-3-cispentenoic acid (Arg-APPA); rhizocticin B, L-valyl-L-arginyl-L-2-amino-5-phosphono-3-cis-pentenoic acid (Val-Arg-APPA); and rhizocticin C and D, which are the same as rhizocticin B but contain L-isoleucine (Ile) and L-leucine (Leu) respectively in place of Val. First, RizA was purified by detection of L-arginine hydroxamate synthesis, and then the corresponding gene, rizA, was cloned. We found that recombinant RizA synthesized Arg-Xaa dipeptides (Xaa, arbitrary amino acids). Next, the DNA sequences of unknown regions around rizA were analyzed, and we found a novel gene that encodes a protein possessing an ATP-grasp motif upstream of rizA. This gene was named rizB. We found that recombinant RizB synthesized the 2mer to 5mer of branched-chain amino acids, and additionally synthesized various heterooligopeptides.
RizB is the first reported L-amino acid ligase that catalyzes oligopeptide synthesis. It showed specificity toward N-terminal substrates; on the other hand, the substrate specificity at the C-terminus was relaxed. RizB also requires ATP and Mg 2þ as well as L-amino acid ligases catalyzing only dipeptide synthesis, and ATP is hydrolyzed to ADP and phosphate. Furthermore, our results indicated that RizB also synthesizes aminoacyl phosphate as a reaction intermediate as well as the known L-amino acid ligases, and that the peptides were elongated at their N-terminus. We have also reported that the BL02410 protein of Bacillus licheniformis NBRC 12200 catalyzed oligopeptide synthesis when branched-chain amino acids were used as substrates, but its substrate specificity and characteristics were not examined in detail. 11) Oligopeptides can be synthesized by RizB, but the kinds are limited. Hence new L-amino acid ligases, which show different specificities, should be obtained to increase the variety of peptides synthesized using L-amino acid ligases. In the present study, we searched for new L-amino acid ligases catalyzing oligopeptide synthesis by in silico analysis.
Materials and Methods
Materials. Bacillus subtilis NBRC 3134 (identical to ATCC 6633), Bacillus licheniformis NBRC 12200 (identical to ATCC 14580), Lactobacillus delbrueckii subsp. bulgaricus NBRC 13953 (identical to ATCC 11842), and Chromobacterium violaceum NBRC 12614 (identical to ATCC 12472) were from the NITE Biological Resource Center (Chiba, Japan). Bifidobacterium adolescentis JCM 1275 was y To whom correspondence should be addressed. Fax: +81-3-3232-3889; E-mail: kkino@waseda.jp from the Japan Collection of Microorganisms (Saitama, Japan). Herpetosiphon aurantiacus ATCC 23779, Streptomyces tendae ATCC 31160 (identical to Tü901), and genomic DNA of Streptococcus pneumoniae ATCC BAA-255 (ATCC no. BAA-255D-5) were from the American Type Culture Collection (Manassas, VA). Photorhabdus luminescens subsp. laumondii DSM 15139 (identical to TT01) was from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany). Escherichia coli BL21(DE3), Escherichia coli Rosetta(DE3), pET-21a(+) vector, and the pET-30Xa/LIC vector kit were from Merck (Darmstadt, Germany). All other chemicals used were commercially available and of chemically pure grade.
Search for new L-amino acid ligases and genetic analysis. To search for new L-amino acid ligases that catalyze oligopeptide synthesis, a BLAST search was performed using the amino acid sequence of RizB as query. 16) Several hypothetical proteins were selected as candidates from various microorganisms. The candidates were analyzed by a Pfam search 17) and an InterPro search 18) to check for the presence of the ATP-grasp motif. Genetic analysis was performed with GENETYX software (Genetyx, Tokyo).
Genetic manipulation and preparation of enzyme. DNA manipulations were performed by the method of Sambrook et al., with minor modifications. 19) Genes encoding putative L-amino acid ligases were amplified from the various genomic DNAs by PCR (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem. Web site). The PCR fragments of the BL02410 gene and nikS were digested with restriction enzymes, and were then ligated into pET-21a(+). The resulting plasmids were designed to express the gene with a C-terminal His-tag sequence under the control of the T7 promoter. Other PCR fragments were ligated into pET-30Xa/LIC vector following the protocol accompanying the pET-30Xa/LIC vector kit. The resulting plasmids were designed to express the gene with an N-terminal His-tag sequence. The plasmids were introduced into E. coli BL21(DE3) or E. coli Rosetta(DE3). The construction of the plasmid harboring rizB was described in our previous paper. 11) Recombinant E. coli BL21(DE3) cells were cultivated in 3 ml of Luria-Bertani medium (1% bacto tryptone, 0.5% yeast extract, 1% NaCl) containing 100 mg/ml of ampicillin or 30 mg/ml of kanamycin (final concentration) at 37 C for 5 h with shaking at 160 rpm. The recombinant E. coli Rosetta(DE3) cells were cultivated overnight in 3 ml of Luria-Bertani medium containing 30 mg/ml of kanamycin and 30 mg/ml of chloramphenicol (final concentrations). Cultivated cells were transferred to 100 ml of fresh Luria-Bertani medium containing the same antibiotics used in pre-cultivation, and cultivation was performed at 37 C for 1 h with shaking at 120 rpm. Isopropyl--Dthiogalactopyranoside (final concentration 0.1 mM) was then added, and cultivation was continued at 25 C for 19 h with shaking at 120 rpm. The cells were harvested by centrifugation (4;160 Â g, 10 min, 4 C), resuspended in 100 mM Tris-HCl buffer (pH 8.0), and then disrupted by sonication at 4 C. Cellular debris were removed by centrifugation (20;000 Â g, 30 min, 4 C), and the supernatant was collected and purified with a HisTrap HP Ni-affinity column (GE Healthcare, Buckinghamshire, UK). The active fraction was then desalted with a PD-10 column (GE Healthcare), and equilibrated with 100 mM Tris-HCl buffer (pH 8.0). To confirm the presence of protein in the solution, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by Laemmli's method. 20) The protein concentration was determined by the Bradford method, with bovine serum albumin as the standard.
Characterization of L-amino acid ligase. L-Amino acid ligase activity was assayed as follows, unless otherwise specified: The standard reaction mixture (total volume was 0.3 ml) contained 0.1 mg/ml of recombinant protein, 12.5 mM ATP, 12.5 mM MgSO 4 . 7H 2 O, and 25 mM amino acid substrate in 100 mM Tris-HCl buffer (pH 8.0). The reaction was performed at 30 C for 20 h. To detect peptide synthesis activity, the amount of phosphate released during the reaction was determined with a Determiner L IP kit following the manufacturer's protocol (Kyowa Medex, Tokyo). To confirm peptide synthesis, the reaction mixtures were analyzed by liquid chromatographyelectrospray ionization-mass spectrometry (LC-ESI-MS) (HPLC; Agilent 1100 series, Agilent Technologies, Santa Clara, CA; ESI-MS; LCQ Deca, Thermo Scientific, Waltham, MA) and HPLC (L-2000 series; Hitachi High Technologies, Tokyo). The details of the analytical procedures are described in our previous publications. 10, 21) Precipitates produced in the reaction mixtures were collected by centrifugation (20;000 Â g, 30 min, 4 C), and then washed twice with Milli-Q water. For LC-ESI-MS analysis, the resulting precipitates were dissolved in 50% acetic acid. Residual precipitate was removed by centrifugation (20;000 Â g, 30 min, 4 C), and the supernatant was then analyzed by LC-ESI-MS.
To test reactivity with dipeptide and with tripeptide, reactions using 
Results

Search for new L-amino acid ligases catalyzing oligopeptide synthesis
RizB is the first reported L-amino acid ligase that catalyzes oligopeptide synthesis. Hence new members of that group were searched by BLAST using the amino acid sequence of RizB as query. Several hypothetical proteins homologous to RizB were selected as candidates from various microorganisms ( Table 1 ). An InterPro search and a Pfam search showed that these candidates possessed the ATP-grasp motif. The BL02410 protein showed highest homology with RizB, while the others showed low homology. For these candidates, only the role of NikS was predicted, and it was reported to be essential for the biosynthesis of a nikkomycin antibiotic. [22] [23] [24] The enzyme activity of NikS has not yet been clarified, but it may be involved in the ligation process. In addition, SanS, whose amino acid sequence shows 98% identity with that of NikS, has been reported to hydrolyze ATP to ADP and phosphate, but its peptide synthesis activity has not been reported. 25) These candidates were prepared by the E. coli geneexpression system as N-or C-terminal His-tagged proteins, and their availability in soluble form were checked by SDS-PAGE. The results showed that the plu2197 and Ldb1692 proteins formed inclusion bodies, while the other proteins were obtained in soluble form. Hence the proteins obtained in soluble form were assayed for L-amino acid ligase activity. We also examined RizB and the BL02410 protein for comparative analysis.
Confirmation of L-amino acid ligase activity
Homopeptide synthesis was examined using 20 proteogenic amino acids as substrates. First, the amount of phosphate produced in the reaction mixture was checked, since ATP is hydrolyzed to ADP and phosphate during peptide bond formation. When branchedchain amino acids and Met were used, significant amounts of phosphate were detected in every reaction mixture, except for that of NikS (Fig. 1) . Furthermore, when aromatic amino acids were used, a significant amount of phosphate was detected in the reaction mixtures of the BAD 1200 protein. All the reaction mixtures were then analyzed by LC-ESI-MS. The results are summarized in Fig. 2 . Various homopeptides were detected when Val, Leu, Ile, Met, Trp, Phe, and Tyr were used as substrates, but no peptides were detected when other amino acids were used. In particular, the longer peptides were synthesized by the spr0969 protein rather than by RizB, and the BAD 1200 protein showed higher activity toward aromatic amino acids than toward branched-chain ones. As predicted from the amount of phosphate, NikS did not show L-amino acid ligase activity.
Furthermore, in the reaction mixtures of the spr0969 protein, white precipitates were produced when Val and Ile were used as substrates and in the case of Leu, no such precipitate was observed, but the reaction solution of Leu became a gel. These precipitates and the gel were analyzed by LC-ESI-MS. In the case of Val, the 5mer and 6mer of Val were detected more clearly in the 50% acetic acid dissolving the precipitate than in the supernatant of the reaction mixture, and therefore must have been the components of the white precipitate (Fig. 3) . In addition, LC-ESI-MS analysis showed that the precipitate in the reaction mixture of Ile must have been the 4mer, 5mer, and 6mer of Ile, and that the hydrogel in the reaction mixture of Leu must have been composed of the 5mer and 6mer of Leu.
Precipitates were additionally produced in the reaction mixture of the BAD 1200 protein when Trp and Phe were used as substrates, although no precipitates were produced when branched-chain amino acids were used. Both precipitates were analyzed by the procedure used for the spr0969 protein. LC-ESI-MS analysis showed that the precipitates were composed of the 4mer, 5mer, and 6mer of Phe and the 5mer, 6mer, 7mer, and 8mer of Trp. When Tyr was used as substrate, a reaction was started under conditions under which Tyr was initially precipitated due to its low solubility. After the reaction, the precipitate was analyzed by LC-ESI-MS, but only Tyr was detected, although homo-oligomers of Tyr were detected in the supernatant of the reaction mixture. The negative control involved carrying out the reaction in the absence of an amino acid, and all data were adjusted using this blank value. Bars: left striped bar, RizB; white bar, the BL02410 protein; dark gray bar, the Haur 2023 protein; dotted bar, the spr0969 protein; black bar, NikS; light gray bar, the BAD 1200 protein; right striped bar, the CV 0806 protein.
Peptide synthesis using dipeptide or tripeptide as substrate
To test reactivity with dipeptide and with tripeptide, reactions were run using V 2 or V 3 as substrate. Val and its oligomers were selected as substrates to compare L-amino acid ligase activity, because the proteins that catalyze oligopeptide synthesis commonly take Val as substrate. The reaction mixtures were analyzed by HPLC, and the results are summarized in Table 2 . The pentamer of Val was not measured due to its unavailability as a standard compound.
RizB and the BL02410 protein showed almost the same activity, but the BL02410 protein exhibited stricter specificity toward the tripeptide. When Val and V 3 were used as substrates, RizB synthesized 1.06 mM tetrapeptide; in contrast, the BL02410 protein synthesized only 
0.31 mM tetrapeptide. In the reaction mixture of the BL02410 protein, a greater amount of tripeptide was detected than the initial concentration of 12.5 mM, and the tripeptide consequently accumulated. The Haur 2023 protein also showed almost the same activity as RizB and the BL02410 protein, but tripeptide synthesis activity was lower than for the two proteins. The spr0969 protein synthesized longer peptides. Tripeptide might be used as substrate preferably to dipeptide, because the residual amounts of tripeptide were smaller than those of dipeptide when reactions using Val and its oligomers were run. As described above, this protein produced precipitates of oligomers of Val. Precipitates were also produced in the reaction mixtures using Val and its oligomers as substrates. Since some oligomers of Val were precipitated, the total amount of Val calculated on the basis of HPLC analysis was much lower than the initial amount of Val as substrate.
The BAD 1200 protein also synthesized oligomers of Val, but its activity was lower than that of RizB. Phosphate analysis showed that the BAD 1200 protein had higher activity toward Phe than toward Val.
The CV 0806 protein might use di-or tripeptide preferably to the monomer of Val as C-terminal substrate. Amino acid substrates with the CV 0806 protein result in low di-and tripeptide synthesis, but large amounts of tripeptide and tetrapeptide were synthesized when the 2mer or the 3mer of Val was used as substrate with Val.
In addition, when reactions using only V 2 or V 3 as substrate were run, only a small amount of phosphate was detected, and no products were detected by LC-ESI-MS. Hence those proteins do not ligate one peptide to another.
Partial characterization of new L-amino acid ligases
We further examined substrate specificities. The newly-found L-amino acid ligases synthesized various heteropeptides as well as RizB did.
11) The m=z peaks corresponding to Val-Tyr and Ile-Tyr, showing antihypertensive effects, 26) and Tyr-Arg, showing an analgesic effect, 27) were detected in the reaction mixtures of the BAD 1200 protein by LC-ESI-MS. Since the BAD 1200 protein recognizes not Arg but Tyr as N-terminal substrate, Tyr-Arg might be the correct sequence. However, Tyr-Val and Tyr-Ile might be also synthesized, because this protein recognized Tyr, Val, and Ile as N-terminal substrates. The spr0969 protein synthesized a self-assembling peptide that looked like a needle in the reaction mixture when Phe and Leu were used as substrates. In addition, these L-amino acid ligases did not use D-form amino acids as substrates. We have confirmed that ATP was hydrolyzed to ADP and phosphate, and that ATP and Mg 2þ were essential for L-amino acid ligase activity. Further examination showed that ATP could not be replaced with GTP, CTP, or TTP, and that Mg 2þ could be replaced with Mn 2þ and Co 2þ . The use of Mn 2þ or Co 2þ might decrease L-amino acid ligase activity, because the maximum length of the peptide fell. The molecular mass was then estimated by gel-filtration (Table 3 ). The results showed that the CV 0806 protein and NikS are monomeric enzymes, and that the others are dimeric enzymes.
Discussion
We obtained a total of six L-amino acid ligases that catalyze oligopeptide synthesis, including RizB, from various microorganisms. The results of in silico analysis suggest that such enzymes exist in other microorganisms. The L-amino acid ligases catalyzing oligopeptide synthesis commonly showed activity toward Val, Leu, Ile, and Met, but each showed distinct characteristics, as described in ''Results.'' In particular, the spr0969 protein synthesized longer peptides than RizB, and the BAD 1200 protein showed higher activity toward aromatic amino acids than toward branched-chain ones. In addition, it was found that some proteins prefer peptides to amino acids as C-terminal substrates. Thus our results might increase the variety of peptides synthesized using L-amino acid ligases. The roles of these enzymes in the various microorganisms are not clear, except for RizB, which is predicted to be involved in the biosynthesis of a rhizocticin antibiotic. Most of them were listed as hypothetical proteins in the DDBJ database, but the spr0969 and CV 0806 proteins were predicted to be nikkomycin biosynthesis proteins. However, S. pneumoniae ATCC BAA-255 and C. violaceum NBRC 12614 did not produce a nikkomycin antibiotic. Our results also indicate that NikS did not exhibit L-amino acid ligase activity when 20 proteogenic amino acids were used. Thus the activities of the spr0969 and CV 0806 proteins were clearly different from that of NikS, and these proteins may play roles other than nikkomycin biosynthesis.
L-Amino acid ligases catalyzing oligopeptide synthesis also have ATP-grasp motifs, such as in the cases of L-amino acid ligases catalyzing only dipeptide synthesis, D-alanine-D-alanine ligase (DDL, EC 6.3.2.4), and glutathione synthetase (GSH, EC 6.3.2.3), but their homologies were very low, about 20%. The amino acid residues involved in binding with ATP were partially predictable by the amino acid sequence alignment with DDL (data not shown), 28) but it was difficult to identify the residues involved in the recognition of substrates. Structural prediction using homology modeling was also impossible due to the unavailability of a proper template structure. Thus the reason these L-amino acid ligases catalyze oligopeptide synthesis is unclear. Structural analysis of L-amino acid ligase is now underway. This structural information should help to resolve the issues described above.
In conclusion, we found new L-amino acid ligases that catalyze oligopeptide synthesis, and our results should increase the variety of peptides synthesized using Lamino acid ligases. We suspect that L-amino acid ligases catalyzing oligopeptide synthesis are present in other microorganisms, and that these new enzymes possess novel substrate specificities. In addition, we expect to modify the L-amino acid ligases on the basis of structural information. The modified enzymes might further increase the variety of peptides synthesized using L-amino acid ligase, which might make it possible to construct novel systems for peptide production. 
